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Abstract 
Skin deformation behaviour is complex, that exhibits similarly to an anisotropic, non-homogenous and viscoelastic material. 
Nevertheless, the understanding of skin characteristics and behaviour is important in many applications. This study attempts to investigate 
and simulate skin deformation under tensile loading using the integration of experimental-computational approaches. An experimental 
procedure has been conducted to measure skin deformation using motion capture system. Based on the information and data obtained 
from the measurement, finite element models of skin are developed using ABAQUS to mimic the experimental procedure. In this study, 
skin is modeled as an isotropic, incompressible and hyperelastic membrane that underwent large deformation. A systematic parametric 
study is constructed to perform finite element simulations using various mesh size and element types. The results obtained from the 
simulations are compared to the experimental and the best match curve constitutes skin material parameters. The final parameter shows 
that the best Ogden’s values were at 10 Pa and 110 for Ogden’s coefficient and exponent respectively. It can be concluded that the 
integration of experiment and numerical approaches has successfully quantified the skin properties. 
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Nomenclature 
L marker's label at skin 
N number of material parameter set  
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∆ deformation difference in displacement 
∆X1 axial displacement 
∆X2 horizontal displacement 
μ  Odgen's material coefficient 
α Odgen's material exponent 
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1. Introduction  
Human skin is a complicated multi-layered structure [1] which covers the whole human body [2]. Its behaviour is very 
complex and is still not known very well by researchers [2], despite of it wide interest and significance in many 
applications. Thus, it is very important to understand the human skin behaviour as emergence of skin-related new 
technologies and its advancements are captivating. The understanding of human skin functioning applies in cosmetic 
product development, motion capture in animation, and in designing devices which are in-contact with skin such as razors, 
car seat and surgery tools. All these require an accurate model or mechanical properties that represent the human skin but 
the current knowledge on its characteristics is limited. 
Though, intensive experimental research to measure skin properties remains key to an in-depth understanding of skin 
behaviour. It started with initial tests carried out on a basic laboratory set-up as early as 1966 by Ridge and Wright [4] and 
Cook et. al. in 1977 [5]. Up to now, experimental methods have been extensively developed to include non-invasive, in vivo 
techniques by Mahmud et. al., [6,7]. However, none of the existing experimentation could be regconized as a standard 
procedure though the outcomes of recent works have shown some progress in providing better knowledge about skin 
characteristics. 
1.1.  In vivo Skin Deformation Motion 
Mahmud et. al. developed an innovative experimental technique to measure in vivo skin deformation utilizing the motion 
capture system [6,7]. The technique was further explored to measure strain field by incorporating Delaunay Mesh 
subsequently with the motion capture [1]. Both experimental outcomes were found to be reliable but it could not directly 
determine the mechanical properties of human skin. One approach that could lead to the establishment of skin properties is 
by developing skin model and simulating skin deformation to replicate the experimental procedure. At present there is no 
generally accepted model that could be directly implemented for this study. Moreover, the skin is in tension at most part of 
the body and yet researches tend to disregard this skin pre-stretch condition. 
Therefore, this study attempts to develop finite element (FE) model for human skin via the exploration by varying 
geometrical and FE parameters. The outcome establishes a robust but simple 2-D pre-stretched FE skin model that could 
simulate skin deformation with reasonable accuracy. The output was also compared to the experimental data to evaluate the 
reliability of the finite element (FE) models. Despite providing better understanding about the skin behaviour, the outcome 
of this study has contributed towards establishing accurate materials parameters of human skin. With this accomplishment, 
expansive FE simulation works to study skin behaviour could be carried out further, thus are able to avoid the necessity to 
develop voluminous experimental procedures, which usually are tedious and costly. 
1.2. Finite Element Modelling of Skin 
The efforts in developing a computational model of skin begins since 70's where human skin was modelled as an elastic 
membrane [8] and a hyperelastic material, ignoring its viscoelasticity attribute [9]. Due to a lack of computer software and 
modelling tools at the era, mathematical equations were the main approach in analyzing the deformation of human skin. 
With the advances in computer technology nowadays, engineering softwares have been evolving and widely available. By 
employing FE software, any attempt to simulate and animate skin behaviour is made possible. A few examples of FE 
software include ANSYS, which was used to analyse human tissue deformation [10], SYSTUS was used to simulate wound 
closure [11], MSC. MARC was used to simulate suction tests on skin [12], ABAQUS was used to simulate the cupping 
process [13] and FEAP was used to simulate skin behaviour in a virtual surgery [14]. Apart from Hendrik’s [11], many 
other researches simply used the available data from experiments to perform FE simulations and did not propose the skin 
properties, especially the hyperelasticity property. Therefore, compared to previous studies, this study is novel as it 
quantifies the material parameters of skin based on Ogden’s model via an integration of FE simulation and motion analysis 
technique that incorporating skin pre-stretch. 
 
2. Methodology  
2.1. Numerical Validation 
For validation purposes, a square sheet with a circular hole was modelled using ABAQUS (ABAQUS v6.6-1, Dassault 
Systemes Simulia Corp, Providence, RI, USA) based on the material parameters, mesh, loading and boundary conditions as 
shown in Fig. 1. The in-plane displacements were determined and the results are compared to other researchers [15, 16]. 
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The symbols ∆X1A and ∆X1B refers to the axial displacements at point A and B respectively, while ∆X2C refers to the lateral 
displacements at point C (Fig. 1). As could be observed in Figure 2, the results are very close to each other, thus validating 
the current FE model, procedure and results. 
    
Fig. 1: (a) Details of the FE model and (b) the load-displacement diagram to compare current results to Gruttmann and Taylor [16]. 
2.2. Information and Data from Experiments 
One of the main challenges in this study is to simulate the experiment accurately and realistically. Thus, vital 
information and data gained from the experiment were carefully incorporated during the development of the FE models. 
Fig. 2 (a) shows the in vivo testing conducted on the skin at the ventral forearm of a volunteer [6], where a set of marker 
stickers was attached and the deformation of the skin was induced by pulling a nylon string at the centre of the marker. Prior 
to testing, informed consent was obtained from all the healthy volunteers with ethical approval from the Cardiff School of 
Engineering Research Ethics Committee. 
 
 
Fig. 2: Integration of motion capture-marker tracking-FE modelling-simulation to quantify skin parameters (a) inducing skin deformation by pulling a 
nylon filament stuck at the centre of the marker set, (b) sample output from the tracking software showing the markers' label and movement,  
(c) 80 x 60 mm plate, meshed into 384 (16 x 12 x 2) brick quadratic elements, the yellow arrows indicate the distributed load applied,  
(d) simulation, and (e) comparison of results. 
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The pulling procedure has created tension that produced parts of skin tension-compression surface. The nylon string was 
attached at the centre of the marker set, while it other end attached to a load cell (SMT1-5N, Interface Force Measurements, 
Crowthorne, UK) that was connected to a computer [1]. Concurrently, a set of 3 infrared cameras (Proflex-MCU1000, 
Qualisys AB, Sweden) was used to record the skin deformation. Finally, a tracking-software was used (QTM 2008 v2.0, 
Qualisys AB, Sweden) to track the movement of the markers corresponding to the load applied. The sample output of the 
software is shown in Fig. 2 (b). The markers parallel and align to the direction of the load are label as L1 to L9, where L5 is 
the load point. The experimental protocol and validation has been described and discussed clearly by Mahmud et al [1,7]. 
2.3. Development of Finite Element Skin Models 
The success in modelling a rubber sheet (Fig. 1) provides a guideline in developing a FE skin model. Other than proving 
that the model has been accurately developed using ABAQUS, it also shows that the solver and solving procedure for the 
analysis was accurate. For the current study, a systematic parametric study is designed to investigate the effect of varying 
the material parameters, elements types and sizes. The results are then compared with the experimental data. The modelling 
procedures are also evaluated. The material parameters that produce the closest results to the experiments yield an estimate 
of the mechanical properties of skin. Using ABAQUS, skin was modelled as a flat plate made of 2-D elements as shown in 
Fig. 2 (c). In this study, plate made of various element types, are constructed for a comparison purpose to evaluate its 
contribution to the final results. 
 
2.3.1  Load and boundary conditions 
 
The load and boundary conditions are applied according to the actual experimental setup (Fig. 2a and Fig. 2b). 0.7N 
distributed load is applied at the centre of the centre (at load point) in the direction parallel to the midline markers (Fig. 2b). 
The boundary conditions are extracted directly from the displacements measured at the boundaries of the test area [7]. The 
corresponding displacements at the boundaries are input into the FE model (Fig. 2c). 
 
2.3.2  Selection of Material Parameters 
 
Although the results obtained from the experiments revealed that skin behaved viscoelastically and anisotropically, for 
this study only the nonlinear hyperelasticity was taken into consideration as to include all in one model would be very 
complicated. This assumption stems from the work of Tong and Fung [9] and   Evans [3].  An Ogden's model was selected 
as it is proven to produce good results. 
To investigate the effect of the Ogden’s material coefficient, μ and exponent, α, an initial study is conducted by varying α 
from 10 to 120 for a constant μ = 10 Pa. These initial values were selected based on the findings of Evans and Holt [17] 
when they measured skin properties using the DIC technique and FE modelling (μ = 10 Pa, α = 26). The results were 
compared to the experiments.  This provided a better prediction of α for the subsequent studies when μ was increased to 15 
and 20 Pa. This iterative process is equivalent to inverse-FEA. 
3.  Results  
The general outputs from a FEA are displacement and stress information for a deformed body. In contrary, the 
displacement information of the deformed skin for the current study is already known and obtained from the experiments 
described earlier. Therefore, the current case study used the outputs (displacements) to determine the skin properties 
(inputs); by adapting a direct iterative approach to relate both experiments and simulations.  
The results of the experiments are used to analyse the undeformed-deformed contour for the skin of the subject at 0.7 N 
load applied parallel to the midline markers (L1 to L9). This serves as the reference data and all the case studies stemmed 
from it. It required tremendous effort to compare the displacements for the whole marker set, hence, in this study, the 
midline markers parallel (Fig 2b) to the load direction (L1 to L9) are observed. Out of five skins volunteers, only output 
from one subject i.e. Subject 1 is used for the model development. 
 
3.1.  Case Study 1: μ = 10 Pa, α = 110 
 
This is the initial study where the material parameters (μ = 10 Pa, α = 26) are used as proposed by Evans and Holt [17]. 
The membrane is meshed into 8 x 6 elements and the boundary conditions are assigned according to experiments         
result (Fig. 3). A concentrated load (0.7 N) is applied at the load point. Nodes (model) were intended to represent markers 
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(experiment), therefore, two types of 4-node elements are used, CPS4R and CPS4 (4-noded bilinear plane stress 
quadrilateral, with and without hourglass control respectively). An initial study is conducted using CPS4 elements (the 
effect of hourglass control is omitted).  
 
 
 
 
 
Fig. 4 shows the results of using CPS4 and CPSR elements compared to experiment. It could be observed that the 
simulated results (μ = 10, α = 26) are not close to the experiment. Another interesting observation is that the shape of the 
graph when using CPS4R element looks more alike to the experiment (approximate ‘bow wave’ shape [7]) than the graph 
for CPS4. 
 
3.2.  Case Study 2: 2-D Skin Model with Larger Number of Elements 
 
The previous case studies meshed the area of testing into 48 (8 x 6) elements. This study attempts to observe the results 
by incorporating more elements. For this purpose, the test area is meshed into 768 (32 x 24) linear elements (CPS4 and 
CPS4R). This observation is clear for the nodes close to the horizontal boundaries. The contour shown in Fig. 5 exhibits the 
same pattern as former models (Section 3.1: Case Study 1). 
Fig. 5 shows the effect of using different element types (CPS4 and CPS4R) for the model. As observed, the displacement 
graph coincides when α = 50.  For α more than 50, CPS4R element is stiffer than CPS4; but for α more than 50, it is the 
other way round. Considering the difference in displacements, ∆, a similar observation was found thus confirming that 
CPS4R element is more sensitive to α increment than CPS4. 
 
 
 
 
 
Fig. 3: A sample experiment output (undeformed-deformed diagram) 
of skin deformation presented in 2-D. (0.7 N). The dotted line 
represents the initial position and the continuous line shows its new 
position. 
Fig. 4: The comparison of the simulated results 
(CPS4 and CPS4R, μ = 10 Pa, α = 26) to experiment. 
Fig. 5: Comparison of using CPS4 and CPS4R (32 x 24 elements) 
for a selected α value (30, 50 and 100). 
Fig. 6: The results of using four element types CPS4, CPS4R, CP8 and 
CPS8R (32 x 24 elements). 
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3.3.  Case Study 3: 2-D Skin Model with Larger Number of Elements (Quadratic) 
 
A study is conducted further by developing a 32 x 24 element FE model using quadratic elements (CPS8 and CPS8R). A 
distributed load (0.7 N) and boundary conditions are applied. Comparing to the results of the previous case study, Fig. 6 
shows the axial displacements for a set of material parameter (μ = 10 Pa, α = 110) using four element types (CPS4, CPS4R, 
CPS8 and CPS8R). It is observed that the solution using quadratic elements (CPS8 and CPS8R) converged to a same curve. 
The same result is observed for CPS4R element. However, the displacement curve for CPS4 is not close to the rest but its 
shape is quite similar to the experiment. 
 
3.4.  Case Study 4: 3-D Skin Model 
 
A 3-D model is also developed to investigate the effect of incorporating deformation in the third direction (z-axis). 3-D 
plane stress hybrid quadratic elements are assigned (C3D20H and C3D20HR) elements. Based on previous case studies’ 
result, using N = 1, a set of material parameters (μ = 10 Pa, α = 110) that was found close to the experiment result is 
considered. The results are shown in Fig. 7 and Fig. 8. Fig. 7 compares the displacement graphs for all the elements without 
reduced integration (CPS4, CPS8 and C3D20H) and mesh sizes assigned for this study. The legend showing ‘48’ refers to 8 
x 6 elements, ‘768’ refers to 32 x 24 elements and ‘384’ refers to 16 x 12 x 2 elements. It is found that the current model 
produced results which were very close to the experiment. 
 
 
 
 
Fig. 8 compares the axial displacements at midline nodes between 2-D (CPS4 and CPS8) and 3-D elements (C3D20H 
and C3D20HR) for the same material parameter (μ = 10 Pa, α = 110). It shows that 3-D elements are more accurate and very 
much displays the bow wave pattern as compared to 2-D elements. 
4.  Discussion 
In general, the results produced from the case studies encountered excessive distortion of elements, too much step 
increment required, several negative eigenvalues in the system matrix, zero pivot and/or the strains are so large that the 
programme ignored the hyperelasticiy calculation at several points. This is the possible reason why the model did not 
behave as nonlinear as it should be.As the FE implementation has been validated successfully (Fig. 1), it was further 
developed to model and simulate skin deformation. The case studies (0.7 N) are developed systematically initially using 
material parameters found by other researchers and progressed up in developing the 2-D models with varying type of 
elements, as well as 3-D model. The objectives are not only to model skin in 2-D and determine its material parameters, but 
more importantly, to investigate the effects in the implementation; i.e. Ogden’s material parameters, element type, element 
size and loading type; that are contribute in enhancing the knowledge on FE modelling and simulation of human skin. 
It is found that 3-D elements is more accurate as compared to any 2-D models. Using the material properties of        
μ = 10 Pa, α = 110 ( for N = 1), both 3-D elements (C3D20H and C3D20HR) produced an approximate bow wave shape and 
the results were very close to the experiments. Moreover, it shows wrinkling at the test area.  
Fig. 7: The axial displacement of midline markers for several elements  
without reduced integration and mesh sizes
Fig. 8: The axial displacement of midline markers for several elements  
with reduced integration and mesh sizes
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Notwithstanding that the 3-D model was the most realistic and has produced accurate and reliable results, the procedure 
in developing it was found to be more tedious compared to the 2-D models. The simplest 2-D model that produced a result 
with acceptable accuracy was using 8 x 6 CPS4 elements, where the error for maximum axial displacements was found to 
be 7 % compared to experiment. Thus the objective to design simple but robust 2-D models with adequate accuracy was 
achieved. 
Apart from that, although the current study is aiming to determine skin properties, the main limitation lies in the 
tediousness in developing an accurate and reliable skin model. All the described case studies were conducted based on the 
data referred to Subject 1 at 0.7 N load at X = 0o direction. At different loading directions or for different subject, the 
corresponding data would be applied. Applying the boundary conditions was found to be the most tedious task and it was 
extremely difficult when applying to a 3-D model. 
5.  Conclusion 
The objective to determine the mechanical properties of human skin using FE modelling and simulation has been 
achieved and based on the results, the hyperelastic properties for Subject 1 was estimated μ = 10 Pa and  α = 110. Although 
it was not close to the result obtained by other researchers and the FE implementation was found to be tedious, the thorough 
study conducted in this paper has produced several useful findings that contribute to enhancing the knowledge about 
modelling skin using FEA and ABAQUS. 
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